The quantitative reaction rates were monitored by a mass spectrometer, the surface structure and surface composition were determined by low-energy electron diffraction and Auger electron spectroscopy.
Introduction
One of the important aims of studies of hydrocarbon catalysis is to uncover the sites where e-n, C-C, and H-H bonds are broken followed by suitable rearrangements of the hydrocarbon fragments.
Identification of these active centers might permit the architecture of catalyst surfaces with optimum concentrations of surface sites with a variety of bond breaking activities.
The dehydrogenation and hydrogenolysis of cyclohexane and cyclohexene were studied on platinum single crystal surfaces at low pressures (about 2 )) to find the correlation between the reactivity and the atomic surface structure. We would like to report the discovery and identification of two such surface sites on platinum crystal surfaces that differ in the number of nearest neighbor platinum atoms surrounding them.
H-H and C-H bond breaking processes predominate at one of the sites while C-C bond breaking occurs in addition to breaking H-H and C-H bonds at the other.
We shall also present evidence that during the catalytic reactions the platinum surface is partially or completely covered with a layer of carbonaceous deposit, ordered or disordered, whose properties play a significant role in determining both the resistance to poisoning and product distribution during the catalytic reactions.
The reactions of cyclohexane and cyclohexene are well suited for identifying active surface sites with various bond breaking activities for several reasons. The dehydrogenation occurs rapidly at relatively low temperatures and at low partial pressures of hydrogen, since it is thermodynamically favored at these conditions. Since dehydrogenation 0 0 j'~~. .i 0 -3-requires only C-H bond breaking activity, the effectiveness of the platinum crystal surfaces to breaking C-H bonds could be investigated in a systematic manner. The appearance of hydrogenolysis products such as n-hexane would signal the presence of sites with C-C bond breaking activity.
Since the mass spectra of benzene and n-hexane are readily distinguishable from cyclohexane both the dehydrogenation and hydrogenolysis activity of a given crystal face were readily monitored using a quadrupole mass spectrometer.
The dehydrogenation of cyclohexane, cyclohexene, and cyclohexadiene 1 on the Pt(lll) crystal face has recently been studied in this laboratory.
The (111) crystal face of platinum is catalytically quite inactive; it apparently lacks the active sites that must be present in large enough concentration for efficient dehydrogenation and hydrogenolysis. Both cyclohexane and cyclohexene were maintained on the surface without much dehydrogenation at 300 K and their ordered surface structures were identified. Cyclohexadiene, however, instaneously dehydrogenated to benzene even on this inactive platinum surface. The rate-limiting steps in dehydrogenating cyclohexane to benzene was the dehydrogenation of the cyclohexene intermediate. The Pt(lll) crystal face will not dehydrogenate cyclohexane beyond cyclohexene even at higher temperatures (>425 K).
In this paper it is shown that the reactivity of cyclohexane and cyclohexene is entirely different on platinum surfaces with a high concentration of atomic steps than it is on the (111) crystal face; in this case these molecules dehydrogenate readily. Atomic steps, which were found responsible for breaking'H-H bonds in studies of hydrogen-deuterium exchange, 2 were also effective in breaking the C-H bonds.
It appears that were determined and correlated with the various atomic surface stmuctures.
Thus, the structure insensitivity of the cyclohexane to cyclohexene dehydro~ genation reaction, and the structure-sensitivity of the dehydrogenation of cyclohexene and hydrogenolysis of cyclohexane have been established.
Experimental
The measurements of the dehydrogenation and hydrogenolysis ·rates of cyclohexane and cyclohexene were carried out at low pressures (10-7 -lo-6 torr total pressure) in the presence of excess hydrogen. The hydrogen to hydrocarbon ratio was varied to investigate the hydrogen pressure dependence of the reaction rate. The temperature range of our studies was 300-725 K.
The schematic of the low pressure reaction chamber is shown in Fig. 1 A small calcium impurity may be removed a:J,so by argon ion bombardment and llOOK anneal cycles. The clean platinum surface structure can be identified by both the low-energy electron diffraction pattern and the Laue X-ray diffraction pattern. Table I lists the orientations of various crystal faces that are used in these studies with 3 the notation that is described, in detail, elsewhere.
In brief, (S)
indicates a stepped surfac~ [6(lll)X(l00)], for example, identifies a surface with atomic terraces of (111) orientation six atoms wide, on the average, separated by steps of monatomic height of (100) orientation (deduced from the direction of the cut).
The orientation of the samples on the unit stereographic triangle is shown in Fig. 2 .
The first five samples differ only in the step density and the number of kinks~in the steps, all catalysts having (111) orientation terraces and monatomic heiglt steps. The fourth and fifth catalyst samples were obtained by cutting the crystal rod off the IllO] zone toward the [Oll] zone. The sixth sample was cut to expose (100) orientation terraces.
The (100) orientation surface of platinum reconstructs to form a .
buckled hexagona-l layer of platinum atoms atop of the square bulk lattice characterized by a (5X20) low-energy electron diffraction pattern. 4
This surface was not stable in monatomic height step configuration, but 0 faceted to give greater than 50 A wide steps of (100) and (311) orientation.
The relative structural stabilities of the var~ous high Miller Index surfaces will be discussed further in a subsequent paper. 5 Figure 3 shows schematic diagrams and the observed diffraction patterns of two catalytically representat.ive stepped catalyst surfaces.
In Fig. 3a a catalyst surface with straight steps of monatomic height and a 6 atom wide terrace giving a step atom density of 2. 
where Ri is rate of production of product i in molecules/sec, S is the pumping speed in cm 3 /sec and P. is the partial pressure of i-th product 1 in torr. Auger electron spectra were taken only after the reaction mixture was pumped from the chamber. Low-energy electron diffraction observations could be made during a reaction without affecting the reaction rate or observed diffraction pattern. Dehydrogenation reactions were studied, since at the low hydrogen pressures used, equilibrium greatly
favors the dehydrogenated products cyclohexene and benzene over cyclohexane.
RESULTS
A.
The Dehydrogenation and Hydrogenolysis of Cyclohexane.
In a series of studies, we have determined the variation of the turnover number, the number of product molecules per platinum surface atoms per second, with the hydrogen to hydrocarbon ratio at a constant hydrocarbon pressure of
The results are shown in Fig. 4 for the several stepped surfaces studied. The variation is very similar for all catalyst surfaces.
The reaction rates increase with increasing hydrogen to hydrocarbon ratio. If no hydrogen is introduced into the reaction chamber the catalyst behaves very differently.
No benzene is produced and cyclohexene production is reduced greatly. There is also a higher than normal amount of carbon residue on the surface, approximately one monolayer. Pretreating the catalyst in hydrogen and then removing it prior co hydrocarbon introduction does not increase the activity for dehydrogenation of hydrogenolysis.
We shall present the results of the reaction rate studies for dehydrogenation and hydrogenolysis that were obtained on stepped platinum surfaces first.
Then we shall present the same rate data obtained for stepped surfaces which have a large concentration of kinks in the step. In Fig The independence of the dehydrogenation rate from the step andkink density
shows that this reaction is indeed structure-insensitive. 'The hydrogenolysis .
• rate increases with kink dE7nsity just as with increasing step density, thus, .... hydrogenolysis appears to be structure-sensitive.
There was always an induction period of 10 to 20 min before the benzene product reached its steady state rate of production as detected by the mass spectrometer after the introduction of cyclohexane onto the crystal surface.
This is shown in Fig. 6 by the Auger electron spectra taken after the reaction mixture was pumped from the chamber, since the electron beam may induce polymerization of hydrocarbon~ and further carbon deposition. The formation of the adsorbed carbon layer always precedes the desorption of benzene and olefinic products. deposit was always present on the surface not only at our low pressure reaction conditions, but also after reactions that were carried out in ' 9 another apparatus at higher pressures (approximately 200 torr total pressure).
The temperature dependence of the dehydrogenation and hydrogenolysis rates for the various crystal faces at a fixed hydrogen to hydrocarbon ratio of 20:1 is shown in Fig. 8 . The dehydrogenation rate to benzene decreases with increasing temperature, reaches a minimum of 573 K, then increases slightly at 723 K. The rate of formation of olefinic products have a similar temperature dependence as that of the rate of formation of benzene.
The hydrogenolysis rate to saturated products increases with increasing temperature and an Arrhenius plot gives an activation energy of 3±0.3 kcal/mole that is the same for all of the crystal faces within our experimental accuracy.
We have found that the dehydrogenation reaction of cyclohexane to form benzene was sensitive to the ordering of the carbonaceous overlayer as shown in Fig. 9 .
Initially, the overlayer was ordered on all of the stepped surfaces· that were studied and dehydrogenation yielded more benzene than cyclohexenee The low-energy electron diffraction pattern from the carbon deposit formed on stepped surfaces ln 20:1 hydrogen to hydrocarbon reaction mixture 0 0 The turnover number for the dehydrogenation of cyclohexene to benzene is about two orders of magnitude greater than for the dehydrogenation of cyclohexane.
In Fig. lOa we plot the dehydrogenation rate as a function of step density.
The turnover number increases rapidly with step density indicating that unlike the slower dehydrogenation reaction of cyclohexane, this reaction is structuresensitive.
In Fig. lOb the turnover number is plotted as a function of kink.
density.
Although there is a small increase in the dehydrogenation rate, it may be considered insignificant compared to the marked change of rate with step
density.
Unlike the dehydrogenation of cyclohexane, the cyclohexene dehydrogenation reaction poisons rapidly on many catalyst surfaces. Using a hydrogen to cyclohexene mixture of 20:1, the rate of dehydrogenation reaches a maximum, then it decreases rapidly as poisoning occurs, the catalysts losing approximately one-half of their activity in 10-12 mins. This is in contrast with the very slow or negligible dehydrogenation rate 1 of these molecules on the Pt(lll) e.atalyst surface.
Thus, C-H bond breaking takes plaee at atomic steps, the same steps that are effective in breaking H-H bonds as revealed by studies in this laboratory of the hydrogendeuterium exchange reaction at low pressures, using molecular beam scattering techniquas~2 Atomic steps on platinum surfaces appear to be the active sites for C-H and H-H bond scissions.
We have been able to identify another active site by studying the ratio of the dehydrogenation rate to hydrogenolysis rate of cyclohexane to benzene and n-hexane, respectively. While the bensene:n-hexane ratio is 3:1 on a stepped surface (with roughly 17% of the surface atoms in step positions), -16-the ratio decreases rapidly with increasing kink density (Fig. 5b) . Using a set of catalyst surfaces that were cut to maintain the same terrace width (step density equal to 2.5 x l0 14 /cm 2 ), but with variable kink density in the steps, we have found that the hydrogenolysis rate increases linearly with kink density while the dehydrogenation rate remains unafiected. For this surface the benzene to n-hexane ratio has reached unity. Thus, the microstructure of kinks in the steps is effective in breaking C-C bonds in addition to C-H and H-H bonds. The selectivity of these bond breaking processes at different atomic surface sites on platinum is certainly significant in that the atomic surface structure of platinum may be properly tailored to provide selectivity in chemical reactions where C-H and C-C bond breaking processes are to be separated.
B.
The Carbonaceous Overlayer.
During dehydrogenation of cyclohexane and cyclohexene, the platinum crystal surfaces are always covered with a carbonaceous deposit of 0.1-1.0 monolayer judged by the carbon to platinum Auger peak intensity ratio.
The coverage appears to increase with increasing reaction temperature, but is rather independent of pressure as indicated uy recent high pressure 9 studies on the Pt(S)-[6(lll)X(l00)] catalyst surfaces in this laboratory.
The overlayer coverage also depends on the particular surface reaction, higher molecular weight reactants and products (cyclohexene, benzene, n-heptane, toluene) yield greater coverage than low molecular weight reactants and products (cyclopropane, propane, etc.). Low molecular weight hydrocarbons (cyclopropane, ethane) which do not form carbonaeeous overlayers do not The marked effect of the ordering characterist~cs of the carbonaceous deposit on the reaction rate is also clearly displayed during our studies -18-of the dehydrogenation of cyclohexene. As shown in Fig. 11 , there is rapid poisoning of the dehydrogenation rate within minutes as the disordered carbonaceous overlayer forms. However, when the overlayer is ordered (on (100) orientation terraced surfaces), the catalytic activity decreases much more slowly. Again, the poisoning of benzene production is prevented by the formation of an ordered overlayer. Since the platinum catalyst surface is covered with a carbonaceous layer at low as well as at high pressures, we must consider this layer an important part of the surface reaction.
Carbonaceous overlayers can have an important effect in both the catalytic activity and selectivity of a metal surface. Weinberg, Deans, and Merri11 12 postulated that the carbonaceous overlayer is the catalytic site for the hydrogenation of ethylene on the Pt(lll) surface and similiarly, by ' 13 Gardner and Hansen for tungsten stepped surfaces. 14 Yasumori et al., found preadsorbing acetylene prevents poisoning or restores the activity of a palladium film for the hydrogenation of ethylene.
In all three cases, the structure of the carbonaceous overlayer has a marked effect on the catalytic activity in a manner which is not simple site blockage poisoning. also hold for thin films. However, we can accurately characterize and vary the surface structure of our single crystal catalysts and in our reactor reactive intermediates can be readily measured; both are prerequisites for the mechanistic study of the catalysis on the atomic scale.
We have been.able to identify two types of structural features of platinu~ surfaces that influence the catalytic surface reactions:
(a) atomic steps and kinks, .i .. :e. sites of low metal coordination number and (b) carbonaceous overlayers, ordered or disordered. The surface reaction may be sensitive to both or just one of these structural features or it -20-may be totally insensitive to the surface structure. The dehydrogenation of cyclohexane to cyclohexene appears to be a structure-insensitive reaction.
It takes place even on the Pt.(lll) crystal face that has a very low density of steps and proceeds even in the presence of a disordered overlayer. The dehydrogenation of cyclohexene to benzene is very structure-sensitive. It requires the presence of atomic steps (does not occur on the Pt(lll) crystal face) and the presence of an ordered overlayer (it is poisoned by disorder).
Others have found the dehydrogenation of cyclohexane to benzene to be a i . . 17 -21 di d 1 1' structure-nsens1t1ve on sperse meta cata ysts. On our catalyst, surfaces which contain steps, this is also true, but on the Pt.(lll) catalyst surface, benzene formation is much slower. Dispersed particles of any size will always contain many step-like atoms of low coordination, and therefore, the reaction will display structure-insensitivity. Based on our findings, we may write a mechanism for these reactions by identifying the sequence of In adqition to dehydrogenation reactions, hydrogenolysis is also taking place on the platinum surfaces. By monitoring the benzene to ri-hexane ratio on the various catalysts as a function of surface strus.ture, we have identified steps as primarily responsible for C-H and H-H bond breaking and kinks for C-C bond breaking in addition to C-H and H-H bond scissions. Thus, hydrogenolysis is initiated at kinks in the atomic steps.
Since we need specific surface sites for hydrogenolysis to occur this is also a structure-sensitive reaction. However, hydrogenolysis is insensitive to the state of ordering of the carbonaceous overlayer. It proceeds whether the carbonaceous overlayer is ordered or disordered.
-22 ...
. 24 It appears that the classification of structure-sensitive react1ons should be expanded to separate those reactions that exhibit step (or kink) ~ensitivity into one group and those that are also sensitive to the structure of the overlayer, into another group.
This expanded classification is shown in Table . II. In addition to the dehydrogenation and hydrogenolysis reactions described in this paper we have included two other reactions that 16 'Primary structure-sensitivity' is the effect of changing particle size or step and kink density. Their 'secondary structuresensitivity' includes effects of self-poisoning and oxygen impurity on reaction rate. The self-poisoning phenomena is, for hydrocarbon reactions on platinum, at least at low pressure, the sensitivity of a reaction to the order ln the carbonaceous overlayer. However, caution must be exercised in studi~ of structure-sensitivity as the reaction mechanism or the surface structure may change markedly with pressure, temperature, and.reactant ratio. Most of the surface structure-sensitivity of various catalytic reactions was derived from the particle size dependence of the reaction rate on polydispersed metal catalyst systems. Although there is excellent agreement between the classifications of the various reactions based on studies using supported metal catalysts with variable particle size and our studies using various single crystal surfaces, this may not 0 0
be the case for all reactions. Perhaps the step density or the kink density is proportional to particle size while the ordering characteristics of the carbonaceous overlayer may or may not be affected by changes of particle size.
In addition, studies similar to those reported on platinum must be carried out using crystal surfaces of other transition metals to ascertain that these arguments are more broadly applicable to describe the catalytic chemistry of transition elements.
There is evidence that the heat of adsorption of hydrogen on palladium crystal surfaces varies markedly with step density 27 while gold crystal surfaces exhibit chemisorption behavior that is independent of step facets to (100) and (311) planes. Table II Classification of reactions by step density and carbonaceous overlayer dependence.
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